Introduction
============

Up to one fifth of the general population have migraine, a primary, chronic-intermittent headache disorder affecting the neuronal and vascular systems and characterized by severe headache accompanied by nausea and/or sensory hypersensitivities such as photophobia and phonophobia. In approximately 20-30% of patients, the headache phase is preceded or accompanied by transient focal neurological disturbances presenting as visual symptoms but also sensory, aphasic, or motor symptoms known as migraine aura.[@ref1] [@ref2] An association between a history of migraine and increased risk of ischemic stroke has been established by many observational and experimental studies.[@ref3] [@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9]

Stroke is responsible for approximately 6.2 million deaths a year and is a leading global cause of long term disability.[@ref10] Stroke within 30 days of surgery occurs in approximately 1 in 1000 surgical cases in broad surgical populations excluding cardiac, carotid, major vascular, and neurologic surgery,[@ref11] and in between 0.6% and 7.4% of patients after major cardiac and vascular surgery.[@ref12] [@ref13] Considering that more than 50 million patients in hospital and 53 million ambulatory patients undergo surgical procedures in the United States every year,[@ref14] [@ref15] perioperative stroke represents a highly relevant surgical complication. Surgical stress and post-procedural inflammatory responses have been suggested as facilitating thromboembolic formation,[@ref16] as have age, vascular comorbidities, and intraoperative hypotension,[@ref12] [@ref17] [@ref18] resulting in an increased risk of ischemic stroke around the time of surgery.[@ref17] [@ref19] [@ref20] Perioperative ischemic stroke is associated with an eightfold increase in the risk of mortality and serious long term morbidities and could lead to increased hospital readmission rates.[@ref11]

As associations of migraine with risk of ischemic stroke have not yet been studied in the perioperative setting, and pathophysiologic mechanisms of migraine can also interfere with stroke risk during that period,[@ref8] [@ref21] we hypothesized that a diagnosis of migraine would increase the risk of perioperative ischemic stroke in a large cohort of surgical patients and would lead to increased hospital readmission rates after surgery.

Methods
=======

Study population
----------------

We examined data from all patients who had surgery under general anesthesia with mechanical ventilation between January 2007 and August 2014 and were extubated after surgery at Massachusetts General Hospital and two community hospitals in Massachusetts, USA. Data came from different sources at Partners HealthCare and Massachusetts General Hospital: the Anesthesia Information Management System, the Research Patient Data Registry, and Enterprise Performance Systems Inc. The Anesthesia Information Management System prospectively records intraoperative physiologic data such as intraoperatively administered drug doses, intraoperative blood pressure, fluid resuscitation volumes, and blood product transfusion. We obtained demographic data and billing codes from the Research Patient Data Registry, a centralized registry that compiles electronic health record data from various institutional systems of Partners HealthCare specifically for research purposes. We collected work relative value units, a marker for cost of hospital stay and procedural complexity,[@ref22] for each surgical operation through Enterprise Performance Inc, a performance improvement and financial planning system at our institution. We used patient data from all sources to form one de-identified database, as previously reported by our group.[@ref23] [@ref24] [@ref25]

Patient involvement
-------------------

No patients were involved in setting the research question or the outcome measures, nor were they involved in developing plans for recruitment, design, or implementation of the study. No patients were asked advice on interpretation or writing up of results. Results of the study will be disseminated to migraine patients' organizations.

Migraine status
---------------

We determined history of migraine and migraine aura status on the basis of ICD-9 (international classification of diseases, ninth edition) diagnosis codes (supplementary table A). We considered patients without a billing diagnosis for migraine not to have a history of migraine.

Outcome measures
----------------

The primary outcome was perioperative ischemic stroke within 30 days after surgery. We identified patients who were billed for any ICD-9 diagnoses of ischemic stroke (supplementary table A) within 30 days of surgery. We reviewed medical records for all perioperative ischemic strokes on the basis of brain scan reports (magnetic resonance imaging/computed tomography), acute stroke and neurology consultation notes, and discharge summaries. We classified strokes on the basis of radiology reports according to the Oxfordshire Community Stroke Project classification.[@ref26] The acquisition of the stroke date allowed us to categorize strokes into pre-discharge or post-discharge events of the initial hospital stay.

The secondary outcome was hospital readmission within 30 days of discharge, defined as an in-hospital admission to the tertiary care facility or any other affiliated hospital. We categorized readmission diagnoses according to the standardized categories of the International Statistical Classification of Diseases and Related Health Problems and stratified them by migraine status.

Statistical analysis
--------------------

We used multivariable adjusted logistic regression to estimate odds ratios and 95% confidence intervals of perioperative stroke and 30 day hospital readmission associated with migraine. We evaluated the associations of migraine status and our primary and secondary outcomes by including an indicator variable contrasting migraine history versus no migraine history. In a separate multivariable logistic regression model, we further included a factor variable subdivided for migraine by aura status (no migraine, migraine without aura, migraine with aura) to consider associations between outcomes and migraine aura status. All multivariable models controlled for a priori selected potential confounding variables: sex; age (\<45, 45-65, \>65 years); body mass index (\<18.5, 18.5-25, 25-30, 30-35, \>35); American Society of Anesthesiologists physical status classification (\<3, ≥3); emergent versus non-emergent surgery; inpatient surgery; high risk surgery; Charlson Comorbidity Index (0, 1-2, 3, 4-7, \>7); prescription of any antiplatelet drug or β blockers within four weeks before surgery; history of coronary artery disease, dyslipidemia, diabetes, hypertension, atrial fibrillation, or ICD-9 codes (see supplementary table A) indicating right-to-left shunt; duration of surgery; intraoperative hypotensive minutes (\<11, 11-20, \>20); intraoperative vasopressor dose (0, \<0.05, 0.05-0.25, \>0.25 mg norepinephrine (noradrenaline) equivalent[@ref27]); intraoperative fluid volume (defined as the sum of crystalloids and colloids); requirement for blood transfusion; and work relative value units (\<7.5, 7.5-12, 12-18, 18-25, \>25).

We investigated associations between migraine and perioperative ischemic stroke location by using an age adjusted multinomial logistic regression model with perioperative stroke as outcome. We tested the risk of the perioperative ischemic stroke occurring after discharge from the initial hospital stay in perioperative ischemic stroke patients with migraine compared with perioperative ischemic stroke patients without migraine.

### Sensitivity analyses

We examined the robustness of our results in several a priori planned sensitivity analyses. Firstly, we additionally adjusted the analyses for a history of transient ischemic attack to account for conditions that could clinically mimic migraine aura (see supplementary appendix).

Next, we examined differential associations of the migraine and perioperative ischemic stroke across a patient's migraine independent baseline risk of perioperative ischemic stroke. Using variables in our dataset selected on the basis of their theoretical relation with stroke risk, we estimated a patient's probability of perioperative ischemic stroke by using the following covariates: sex; age; body mass index; American Society of Anesthesiologists physical status classification; emergent versus non-emergent surgery; inpatient surgery; high risk surgery; Charlson Comorbidity Index; prescription of any antiplatelet drug or β blockers within four weeks before surgery; history of coronary artery disease, dyslipidemia, diabetes, hypertension, atrial fibrillation, or possible right-to-left shunt; surgery duration; intraoperative hypotension; intraoperative vasopressor dose; intraoperative fluid volume; blood transfusion requirement; and work relative value units to account for procedural severity. We then subdivided the study population into three equal sized groups according to this empiric "background" probability score for perioperative ischemic stroke risk (low, intermediate, high risk). Next, we re-estimated the migraine-perioperative ischemic stroke association in these subgroups and calculated the P value for trend across these subgroups to examine heterogeneity. The intention of the "background" stroke probability score was to evaluate whether the migraine-perioperative ischemic stroke association differs according to the underlying risk of perioperative ischemic stroke, as suggested by previous studies.[@ref3] [@ref5] [@ref28] We evaluated whether age (\<45, 45-65, \>65), sex, and possible right-to-left shunt modified the association between migraine and perioperative ischemic stroke by including interaction terms (for example, migraine\*sex) in the multivariable model.

For the primary analysis, we used the complete case method. As a sensitivity measure, we repeated the analysis using multiple imputations by chained equations. Missing variables were imputed using all variables included in the multivariable model.

### Exploratory analyses

We did several post hoc exploratory analyses to further examine the associations that were discovered during the primary analysis. To clarify the reasons for readmission in our study population, we stratified the categories of ICD-9 readmission diagnoses by migraine status and compared them by using the χ^2^ test. Our analyses were further stratified and tested the migraine-perioperative ischemic stroke association for effect modification by inpatient versus ambulatory surgery. On the basis of the results of subgroup analyses in which we aimed to identify potentially meaningful risk factors for perioperative ischemic stroke in patients with migraine (see supplementary appendix), we continued to examine effect modifiers on the migraine-perioperative ischemic stroke association in the entire cohort of patients with and without migraine. Specifically, we considered whether the risks from each predictor were additive or whether the risks from the combination of factors were greater than the sum of each alone. We examined the interactions of migraine and possible right-to-left shunt, as well as migraine and intraoperative high dose vasopressor administration (\>0.25 mg norepinephrine equivalent dose) on risk of perioperative ischemic stroke. To examine these interactions, we considered both absolute risk differences and relative risk as suggested by the STROBE guidelines.[@ref29] We calculated the departure from additivity by using relative excess risk and confidence intervals defined by Hosmer and Lemeshow.[@ref30] We did other sensitivity and exploratory analyses, which are described in the supplementary appendix.

We used Stata version 13 for all analyses. We considered a two tailed P value of less than 0.05 to be statistically significant.

Results
=======

Study population
----------------

A total of 124 558 surgical cases met our inclusion criteria for analysis (fig 1[](#f1){ref-type="fig"}). We identified 10 179 (8.2%) patients with a migraine diagnosis on the basis of ICD-9 codes, of whom 1278 (12.6%) had migraine with aura. Patients diagnosed as having migraine, compared with those without, were more often female, were younger, and had an overall lower frequency of vascular risk factors, including diabetes, hypertension, coronary artery disease, and atrial fibrillation (table 1[](#tbl1){ref-type="table"}).

![**Fig 1** Flow chart of study. ASA=American Society of Anesthesiologists](timf035323.f1_default){#f1}

###### 

Clinical characteristics of study population (n=124 558) according to migraine status. Values are numbers (percentages) unless stated otherwise

  Characteristics                                                         Total study population (n=124 558)   No migraine (n=114 379)   Migraine diagnosis (n=10 179)                      
  ----------------------------------------------------------------------- ------------------------------------ ------------------------- ------------------------------- ------------------ -----------------
  Mean (SD) age, years                                                    52.6 (18.3)                          53.1 (18.4)               47.4 (15.9)                     47.7 (15.9)        45.1 (15.2)
  Female sex                                                              67 943 (54.6)                        59 800 (52.3)             8143 (80.0)                     7105 (79.8)        1038 (81.2)
  Mean (SD) body mass index                                               28.3 (7.3)                           28.3 (7.2)                28.9 (8.1)                      29.0 (8.1)         28.3 (7.6)
  **\[Median (IQR)?\]**ASA physical status classification                 2 (2-3)                              2 (2-3)                   2 (2-3)                         2 (2-3)            2 (2-3)
  Emergency status                                                        5469 (4.4)                           5085 (4.5)                384 (3.8)                       340 (3.8)          44 (3.4)
  Inpatient                                                               94 929 (76.2)                        87 299 (76.3)             7630 (75.0)                     6721 (75.5)        909 (71.1)
  Median (IQR) Charlson Comorbidity Index                                 1 (0-3)                              1 (0-3)                   1 (0-2)                         1 (0-2)            1 (0-3)
  Any prescription of antiplatelet drug within 4 weeks before surgery     14 054 (11.3)                        13 214 (11.6)             840 (8.3)                       730 (8.2)          110 (8.6)
  Any prescription of β blockers within 4 weeks before surgery            16 307 (13.1)                        15 227 (13.3)             1080 (10.6)                     926 (10.4)         154 (12.1)
  Stroke risk factors:                                                                                                                                                                      
   Diabetes                                                               8971 (7.2)                           8509 (7.4)                462 (4.5)                       405 (4.6)          55 (4.3)
   Hypertension                                                           51 601 (41.4)                        47 764 (41.8)             3837 (37.7)                     3353 (37.7)        484 (37.9)
   Dyslipidemia                                                           39 115 (31.4)                        35 897 (31.4)             3218 (31.6)                     2795 (31.4)        423 (33.1)
   Coronary artery disease                                                8662 (7.0)                           8077 (7.1)                585 (5.8)                       494 (5.5)          91 (7.1)
   Atrial fibrillation                                                    8088 (6.5)                           7607 (6.7)                481 (4.7)                       397 (4.5)          84 (6.6)
   Possible right-to-left shunt                                           1530 (1.2)                           1325 (1.2)                205 (2.0)                       155 (1.7)          50 (3.9)
   History of transient ischemic attack                                   1744 (1.4)                           1419 (1.2)                325 (3.2)                       227 (2.6)          98 (7.7)
  Intraoperative characteristics:                                                                                                                                                           
   Median (IQR) duration of procedure, hours                              2.4 (1.5-3.8)                        2.5 (1.5-3.8)             2.4 (1.5-3.7)                   2.4 (1.5-3.7)      2.3 (1.4-3.5)
    Median (IQR) intraoperative hypotensive minutes \<MAP 55 mm Hg        0 (0-2)                              0 (0-2)                   0 (0-2)                         0 (0-2)            0 (0-2)
   Median (IQR) total intraoperative norepinephrine equivalent dose, mg   0 (0-0.2)                            0 (0-0.2)                 0 (0-0.1)                       0 (0-0.1)          0 (0-0.1)
    Median (IQR) total intraoperative fluids, mL                          1250 (800-2000)                      1250 (800-2000)           1200 (800-2000)                 1250 (800-2000)    1100 (750-2000)
   Packed red blood cell units transfused intraoperatively                4333 (3.5)                           4112 (3.6)                221 (2.2)                       198 (2.2)          23 (1.8)
   Median (IQR) work relative value units                                 14.5 (8.2-21.9)                      14.5 (8.1-22.0)           14.2 (8.8-21.2)                 14.2 (8.9- 21.8)   12 (7.6-18.1)

ASA=American Society of Anesthesiologists; IQR=interquartile range; MAP=mean arterial pressure.

Primary and secondary outcomes
------------------------------

Among the 124 558 surgical cases, 771 (0.6%) perioperative ischemic strokes occurred. Vascular surgery had the highest rate of perioperative ischemic strokes (244; 4.0%), followed by cardiac (25; 3.5%) and neurosurgical procedures (244; 2.4%). Of all patients with perioperative ischemic stroke, 89 (11.5%) had a diagnostic code for migraine; of these, 18 (2.3%) had migraine with aura and 71 (9.2%) had migraine without aura.

Patients with migraine had an increased risk for perioperative ischemic stroke compared with patients without migraine (adjusted odds ratio 1.75, 95% confidence interval 1.39 to 2.21) (table 2[](#tbl2){ref-type="table"}). The risk of ischemic stroke was higher for patients with migraine with aura (adjusted odds ratio 2.61, 1.59 to 4.29) but was also apparent for migraine without aura (1.62, 1.26 to 2.09), compared with surgical patients without migraine.

###### 

Incidences and univariable and multivariable adjusted odds ratios for study outcomes and strata of stroke location according to migraine status. Values are numbers (percentages) unless stated otherwise

  Outcome                                                                                Total (n=124 558)   No migraine (n=114 379)   Migraine (n=10 179)   Odds ratio (95% CI)             
  -------------------------------------------------------------------------------------- ------------------- ------------------------- --------------------- ------------------------------- -----------------------------------
  Perioperative ischemic stroke                                                          771 (0.6)           682 (0.6)                 89 (0.9)              1.47 (1.18 to 1.84); P=0.001    1.75 (1.39 to 2.21)^\*^; P\<0.001
  Stroke subtypes according to Oxfordshire Community Stroke Project classification^†^:                                                                                                       
   Total anterior stroke                                                                 223 (0.2)           205 (0.2)                 18 (0.2)              0.99 (0.61 to 1.6); P=0.97      1.21 (0.74 to 1.97)^‡^; P=0.44
   Partial anterior stroke                                                               102 (0.1)           89 (0.1)                  13 (0.1)              1.65 (0.92 to 2.95); P=0.09     1.95 (1.08 to 3.52)^‡^; P=0.03
   Posterior circulation stroke                                                          181 (0.1)           158 (0.1)                 23 (0.2)              1.64 (1.06 to 2.54); P=0.03     1.96 (1.26 to 3.05) ^‡^; P=0.003
   Lacunar stroke                                                                        30 (0)              28 (0)                    2 (0)                 0.80 (0.19 to 3.38); P=0.77     1.13 (0.27 to 4.79) ^‡^; P=0.87
   Unclassifiable                                                                        235 (0.2)           202 (0.2)                 33 (0.3)              1.84 (1.27 to 2.66); P=0.001    2.33 (1.61 to 3.39) ^‡^; P\<0.001
  Median (interquartile range) days until stroke                                         3 (1-11)            3 (1-10)                  5.5 (0-14.5)                                          
  Post-discharge stroke                                                                  195 (0.2)           164 (0.1)                 31 (0.3)              1.76 (1.08 to 2.85); P=0.02     1.94 (1.18 to 3.20) ^‡^; P=0.009
  Hospital readmission within 30 days                                                    10 088 (8.1)        9160 (8.0)                928 (9.1)             1.16 (1.08 to 1.24); P\<0.001   1.31 (1.22 to 1.41)^\*^; P\<0.001

\*Adjusted for age; sex; body mass index; American Society of Anesthesiologists physical status classification; emergent *v* non-emergent surgery; admission type (inpatient); Charlson Comorbidity Index; history of diabetes, hypertension, atrial fibrillation, dyslipidemia, possible right-to-left-shunt, coronary artery disease; any prescription of antiplatelet drug or β blockers within 4 weeks before surgery; duration of surgery; total intraoperative fluid volume; total intraoperative vasopressor dose (norepinephrine equivalent); intraoperative packed red blood cell units received; work relative value units.

†Associations between stroke subtypes (reference: no stroke) and migraine were analyzed using a multinomial logistic regression model.

‡Adjusted for age.

With regard to absolute risks, we predict that 2.4 (95% confidence interval 2.1 to 2.8) ischemic strokes would be seen for every 1000 surgical patients. This risk increases to 4.3 (3.2 to 5.3) for every 1000 patients with any migraine diagnosis. Stratified by migraine with aura status, these numbers are 3.9 (2.9 to 5.0) for migraine without aura and 6.3 (3.2 to 9.5) for migraine with aura.

In total, 10 088 patients in our study sample were readmitted to hospital within 30 days. The 30 day hospital readmission rate was higher for patients with migraine than for those with no migraine (adjusted odds ratio 1.31 1.22 to 1.41). Both migraine with aura (adjusted odds ratio 1.59, 1.33 to 1.91) and migraine without aura (1.27, 1.18 to 1.38) were associated with a higher risk of 30 day hospital readmission compared with patients without migraine.

Table 2[](#tbl2){ref-type="table"} shows strata of stroke location based on the Oxfordshire Community Stroke Project Classification. In a multinomial analysis, the risks of perioperative posterior circulation stroke (age adjusted odds ratio 1.96, 1.26 to 3.05) and perioperative partial anterior stroke (1.95, 1.08 to 3.52) were significantly increased in patients with migraine, compared with those without migraine.

Perioperative ischemic stroke in our study cohort occurred most frequently within the first two days after surgery (356/771; 46.2%); 195/771 (25.3%) perioperative ischemic strokes occurred after discharge from the hospital. Patients with migraine had significantly higher odds for post-discharge ischemic stroke than patients without migraine (age adjusted odds ratio 1.94, 1.18 to 3.20).

Sensitivity analyses
--------------------

Our findings remained stable when we additionally adjusted for history of transient ischemic attack (see supplementary appendix).

We built a probability score for baseline risk of perioperative ischemic stroke, and the area under the curve for perioperative ischemic stroke was 0.85. Clinical characteristics of subgroups by low, intermediate, and high stroke risk probability are shown in supplementary table B. Subgroup analyses in thirds of this estimated "background" ischemic stroke risk probability score showed the highest risk for the migraine-ischemic stroke association in patients with the otherwise lowest baseline risk of perioperative ischemic stroke. The adjusted odds ratios for the migraine-perioperative ischemic stroke association in patients with high, intermediate, and low predicted stroke risk were 1.63 (1.28 to 2.08), 1.62 (0.83 to 3.16), and 3.52 (1.28 to 9.7), respectively (P for trend\<0.001).

Age, sex, or the presence of a possible right-to-left shunt did not modify the relative risk estimate of migraine on perioperative ischemic stroke (all P for interaction \>0.42). Imputation of missing data did not affect the results of our study: the adjusted odds ratios for patients with migraine were 1.69 (1.35 to 2.11) for perioperative ischemic stroke and 1.33 (1.24 to 1.43) for hospital readmission.

Exploratory analyses
--------------------

Readmission diagnoses were available for 9793 (97.1%) patients who were readmitted to hospital within 30 days. Patients with migraine had statistically significantly higher frequencies of readmission due to neurological diseases (P\<0.001), diseases of the circulatory system (P=0.002; also in the subgroup "cerebrovascular disease", P=0.005), diseases of the digestive system (P=0.04), and "signs, symptoms, and ill defined conditions" such as pain, syncope/collapse, or nausea/vomiting (P\<0.001) (table 3[](#tbl3){ref-type="table"}).

###### 

ICD-9 categories of readmission diagnoses according to migraine status. Values are numbers (percentages) unless stated otherwise

  Readmission diagnoses (ICD-9 codes)                                      Total (n=9793)   No migraine (n=8888)   Migraine (n=905)   P value^\*^
  ------------------------------------------------------------------------ ---------------- ---------------------- ------------------ -------------
  Infectious and parasitic diseases (001-139)                              165 (1.7)        152 (1.7)              13 (1.4)           0.54
  Neoplasms (140-239)                                                      1203 (12.3)      1140 (12.8)            63 (7.0)           \<0.001
  Endocrine, nutritional, metabolic, and immunity disorders (240-279)      313 (3.2)        278 (3.1)              35 (3.9)           0.23
  Diseases of the blood and blood-forming organs (280-289)                 101 (1.0)        94 (1.1)               7 (0.8)            0.42
  Mental disorders (290-319)                                               135 (1.4)        118 (1.3)              17 (1.9)           0.18
  Diseases of the nervous system and sense organs (320-389)                234 (2.4)        197 (2.2)              37 (4.1)           \<0.001
  Diseases of the circulatory system (390-459)                             599 (6.1)        565 (6.4)              34 (3.8)           0.002
   Cerebrovascular disease (430-438)                                       105 (1.1)        87 (1.0)               18 (2.0)           0.005
  Diseases of the respiratory system (460-519)                             342 (3.5)        310 (3.5)              32 (3.5)           0.94
  Diseases of the digestive system (520-579)                               1016 (10.4)      903 (10.2)             113 (12.5)         0.04
  Diseases of the genitourinary system (580-629)                           571 (5.8)        517 (5.8)              54 (6.0)           0.85
  Complications of pregnancy, childbirth, and the puerperium (630-679)     20 (0.2)         14 (0.2)               6 (0.7)            0.001
  Diseases of the skin and subcutaneous tissue (680-709)                   220 (2.2)        205 (2.3)              15 (1.7)           0.21
  Diseases of the musculoskeletal system and connective tissue (710-739)   299 (3.1)        266 (3.0)              33 (3.6)           0.28
  Congenital anomalies (740-759)                                           56 (0.6)         48 (0.5)               8 (0.9)            0.19
  Symptoms, signs, and ill-defined conditions (780-799)                    2027 (20.7)      1796 (20.2)            231 (25.5)         \<0.001
  Injury and poisoning (800-999)                                           2177 (22.2)      1997 (22.5)            180 (19.9)         0.08
  Other                                                                    210 (2.1)        201 (2.3)              9 (1.0)            0.02

Data are presented for 9793 (97.1%) patients with available readmission diagnoses.

\*For comparisons between categories of readmission diagnoses and migraine status using χ^2^ test.

The risk of perioperative ischemic stroke for migraine versus no migraine was numerically higher in the subgroup of ambulant surgical patients (adjusted odds ratio 4.02, 1.40 to 13.93) than in the subgroup of inpatient surgical patients (1.69, 1.33 to 2.15). However, the migraine-perioperative ischemic stroke association was not significantly modified by ambulatory versus inpatient surgery (P for interaction=0.29).

In patients with migraine, intraoperative administration of high dose vasopressor (\>0.25 mg) and ICD-9 codes indicating a possible right-to-left shunt were independent and possibly preventable predictors of perioperative stroke (see supplementary appendix). In formal further exploratory interaction analyses, the independent adjusted perioperative stroke risk for migraine with aura (6.2/1000 patients) and high dose vasopressor (3/1000 patients) combined to produce a joint risk that was numerically greater than the sum of both (11.4/1000 patients). This non-additivity resulted in a relative excess risk of 2.3 (95% confidence interval −1.3 to 5.9). Similarly, the independent adjusted risks of migraine with aura (6.2/1000) and possible right-to-left shunt (7.5/1000) combined to produce a joint risk that was greater than the sum of both (20.4/1000). This non-additivity resulted in a relative excess risk of 4.1 (−5.1 to 13.2). Neither interaction was statistically significant in this sample (P for interaction=0.77 for possible right-to-left shunt and 0.09 for high dose vasopressors), given that the wide 95% confidence intervals could not rule out additivity, but the point estimates suggest that further investigation is warranted.

Discussion
==========

In this large cohort of surgical patients, an ICD-9 code for migraine was associated with an increased risk of perioperative ischemic stroke within 30 days of surgery and an increased 30 day hospital readmission rate. The observed association remained consistent after adjustment for a large number of disease and surgery related risk factors for ischemic stroke. The migraine associated risk of perioperative ischemic stroke was highest in patients with migraine with aura, ambulatory patients, and patients with migraine with an otherwise low a priori estimated risk of ischemic stroke based on preoperative and intraoperative predictors of perioperative ischemic stroke.

Strength and weaknesses of study
--------------------------------

The strengths of our study include the large number of surgical patients and patients with migraine, as well as the multi-centric design and diverse population, which allow for application of our results in a diverse range of settings. We validated occurrence of perioperative ischemic stroke by medical chart review, which allowed us to gather additional information such as location of ischemic stroke and timing of the stroke event. Moreover, we had information on a large number of potential confounding factors for which we controlled in multivariable models.

Several limitations have to be considered when interpreting our results. Firstly, our classification of migraine and migraine aura was based on ICD-9 codes using the Partners Healthcare Research Patients Data Registry dataset, which may lead to misclassification.[@ref31] ICD-9 codes are perhaps the most commonly used classification scheme in perioperative epidemiologic research. The generation of these codes is undoubtedly susceptible to error at several different points along the path from admission of the patient to inclusion into a database, but the level of accuracy may be less important than the pattern of error. If random or non-differential misclassification exists, it is unlikely to cause the observed association.[@ref32] In addition, the ICD-9 codes for migraine reported in our study correspond to reported data on prevalence of migraine in the general population,[@ref1] which is a reassuring finding. Although we made efforts to account for potential misclassification of headache type in our study (see supplementary appendix), doctors may not always record a diagnosis of migraine for mild cases or may incorrectly label them as a different type of headache. The available ICD-9 codes for migraine and migraine aura could capture a subgroup of patients with migraine with the most active, bothersome aura, which may represent a subgroup at higher risk for perioperative ischemic stroke.

Comparison with other studies
-----------------------------

The association between migraine and ischemic stroke is well established by many clinic based and population based studies, as well as their meta-analyses.[@ref3] [@ref4] [@ref5] [@ref6] [@ref7] [@ref9] [@ref32] [@ref33] Migraine approximately doubles the relative risk of ischemic stroke, particularly in women with migraine with aura, independent of other vascular risk factors.[@ref6] [@ref33] In this study, we report an important, new association between migraine and stroke occurring within 30 days after surgery, indicating that the increased risk of ischemic stroke in patients with migraine seems to exist in the very narrow perioperative time window. The perioperative ischemic stroke risk was higher in patients with migraine with aura than in those with migraine without aura, supporting most previous studies on non-perioperative migraine-ischemic stroke associations.[@ref6] [@ref33] Our findings were robust when we adjusted for transient ischemic attacks that can be clinically misinterpreted as migraine aura (see supplementary appendix). Population based studies have linked migraine with aura with an increased prevalence of subclinical brain infarcts and white matter hyperintensities,[@ref34] [@ref35] [@ref36] [@ref37] [@ref38] which themselves have been associated with increased risk of stroke, dementia, and mortality.[@ref39] In contrast, a cross sectional population based study using the Danish Twin Registry and an observational study using the Helsinki Young Stroke Registry did not find evidence of an association between silent brain infarcts, white matter hyperintensities, and migraine.[@ref40] [@ref41] These previous population based studies have identified an increased risk of ischemic stroke in patients with migraine in the context of stroke events occurring during many years of follow-up, whereas our study isolates this risk during the much narrower time frame of the perioperative setting.

Previous reports suggest that the migraine-ischemic stroke association is highest or only observable among patients with low vascular risk status (such as low Framingham scores or absence of hypertension, diabetes, or myocardial infarction).[@ref3] [@ref5] [@ref28] To consider this matter in an exploratory analysis, we needed an estimate of stroke risk independent of migraine status. Thus, we specified and estimated a group of predictors, based on theory, that could index this risk. The probability of migraine independent perioperative stroke risk was balanced by covariates that were chosen on the basis of previously identified associations with perioperative ischemic stroke and vascular risk.[@ref11] [@ref13] [@ref17] [@ref20] [@ref42] [@ref43] [@ref44] [@ref45] [@ref46] Our rationale was to evaluate whether the association between migraine and perioperative ischemic stroke is modified by a patient's migraine independent "background" perioperative stroke risk. Using this stroke risk model, we found that the migraine associated perioperative ischemic stroke risk was highest among patients with a low estimated probability of perioperative ischemic stroke.

Some studies report more unfavorable vascular risk profiles in patients with a history of migraine.[@ref7] [@ref47] However, the migraine-ischemic stroke association in our study and in other studies has been shown to be independent of vascular risk factors.[@ref6] [@ref33] Previous studies also suggest that the association between migraine and ischemic stroke is stronger in younger women.[@ref33] [@ref48] In contrast, perioperative stroke rates have been shown to increase greatly with patients' age.[@ref17] In our study, we did not find differences by migraine and sex or age. Whether this points to a different biological mechanism linking migraine and stroke in the perioperative setting should be investigated in future studies.

The overall incidence of perioperative ischemic stroke in our study was 0.6%. Incidences of and risk factors for perioperative ischemic stroke in surgical patients vary according to the type of surgery, with rates up to 7.4% after cardiac and vascular procedures.[@ref12] [@ref17] In our study, the highest rate of perioperative strokes occurred after vascular surgery (4.0%), followed by cardiac (3.5%) and neurosurgical (2.4%) procedures, which are considered to be high risk surgical procedures for perioperative thromboembolic complications.[@ref49] Previously established risk factors for perioperative stroke across various surgical populations include a history of (cerebro)vascular, cardiac, and renal disease; presence of atrial fibrillation, diabetes, and hypertension; previous cardiac surgery; emergency procedure; surgical procedure type; and high transfusion requirements.[@ref12] [@ref13] [@ref17] We aimed to adjust our findings for these potential confounders by including these risk factors, as well as high risk procedures, in our analysis. According to our data, patients with migraine had higher frequency counts for cardiac surgery, general surgical, neurosurgical, and plastic surgery procedures, compared with patients without migraine. However, the type of surgery did not modify the risk of perioperative ischemic stroke in patients with migraine (see supplementary appendix).

Several large scale studies have shown that perioperative stroke is associated with prolonged hospital stay, long term disability, and a compelling increase in postoperative mortality risk.[@ref11] [@ref13] Our data suggest that migraine represents an important risk marker for perioperative ischemic stroke among patients with a relatively low risk of ischemic stroke. The migraine associated risk of perioperative ischemic stroke was elevated in a subgroup of ambulant surgical patients (adjusted odds ratio 4.02, 95% confidence interval 1.40 to 13.93). Particularly in times of increasing rates of ambulatory surgery, which have recently even exceeded annual rates of inpatient surgery,[@ref15] this finding of a magnified perioperative ischemic stroke risk in ambulatory surgical patients with migraine becomes highly relevant. However, inpatient versus ambulatory surgery did not statistically significantly modify the migraine-perioperative ischemic stroke association.

Only a few studies have investigated the timing of perioperative stroke after surgery in general, and they report conflicting data.[@ref12] [@ref50] [@ref51] In our study, whereas most strokes occurred within the first two days after surgery, the odds of a post-discharge ischemic stroke were approximately twofold higher for patients with migraine with perioperative ischemic stroke than for patients without migraine and perioperative ischemic stroke (odds ratio 1.94, 1.18 to 3.20). Migraine was also associated with an increased risk of hospital readmission within 30 days of surgery. Migraine is known to be associated with a variety of comorbidities, which are mainly cardiovascular, cerebrovascular, and neurologic. In our study, patients with migraine were more likely to be readmitted not only owing to perioperative stroke, neurologic symptoms, or other diseases of the circulatory system, but also for "signs, symptoms, and ill-defined conditions," such as pain, syncope/collapse, or nausea/vomiting and diseases of the digestive system. This is in accordance with previous reports, in which migraine has been associated with gastrointestinal disease.[@ref52] Generalized pain symptoms, as well as nausea, could be a sign of postoperative exacerbation of migraine. General practitioners must be aware of increased risks of postoperative readmission to hospital in patients with migraine, not only because of known associations such as vascular comorbidities but also due to gastrointestinal disease and circulatory problems.

Data on associations between migraine and subtypes of ischemic stroke show higher frequencies of lacunar strokes and strokes of undetermined cause in patients with migraine with aura.[@ref4] [@ref5] The Cerebral Abnormalities in Migraine, an Epidemiological Risk Analysis (CAMERA) study found an increased risk for subclinical cerebellar infarct-like lesions involving the posterior circulation territory in patients with migraine.[@ref34] Similarly, in our study, a history of migraine was associated with an increased risk of perioperative posterior circulation infarcts but was also observable for partial anterior infarcts.

Potential biological mechanisms
-------------------------------

We speculate that a genetic predisposition,[@ref53] as well as an increased perioperative vulnerability to cerebral ischemia, may lead to exacerbated perioperative stroke risk in patients with migraine. Increased susceptibility to spreading depolarization, a neuroglial wave of depolarization, and the likely biologic correlate of migraine aura,[@ref2] [@ref54] seems to represent part of the mechanism(s) for the increased stroke risk in patients with migraine.[@ref9] [@ref21] [@ref54] Spreading depolarization can be induced by ischemia and induces prolonged vasoconstriction leading to decreased tissue oxygenation during migraine aura and stroke. Paradoxical embolization through pulmonary or intracardiac shunts, such as a patent foramen ovale,[@ref55] [@ref56] has been postulated to serve as an additional potential source of microemboli to induce cerebral ischemia and result in cryptogenic stroke.[@ref57] [@ref58]

Other factors that increase the likelihood of spreading depolarization in the perioperative phase include endothelial dysfunction and a hypercoagulable state.[@ref59] [@ref60] Impairment of endothelial function could be augmented in the perioperative state by surgical trauma associated inflammatory responses, leading to an impairment of microvascular homeostasis. General anesthesia, dehydration, and perioperative withholding of anticoagulation therapy may aggravate surgery induced hypercoagulability and further facilitate perioperative thrombus formation in patients with migraine, resulting in ischemia and induction of spreading depolarization in migraine susceptible brains.

Future studies should focus on targeted investigation of these interactions and potential biologic mechanisms to provide urgently needed concepts of primary and secondary, as well as perioperative, stroke prevention in patients with migraine.

Implications of findings
------------------------

The results of our study add to the emerging evidence that migraine, particularly migraine with aura, should be considered a marker for increased risk of ischemic stroke, and our data extend this association to the perioperative setting. We contend that this association has clinical relevance in a growing list of risk factors that should be considered to promote disability-free survival. Furthermore, understanding this risk period offers unique opportunities to study ischemic stroke in migraine and might result in treatment considerations for patients at risk who are not undergoing surgical intervention.

Migraine headaches are often viewed as a benign condition, despite the underlying increased risk of stroke, and so far have not been in the focus of the perioperative risk assessment. Given the high prevalence of migraine in the general population, the migraine-perioperative ischemic stroke association carries public health importance, and physicians should be aware of this increased perioperative risk, particularly in patients with migraine who present without traditional risk factors for stroke. We believe that an individual perioperative risk assessment for perioperative ischemic stroke in patients with migraine undergoing surgery may be crucial.

On the basis of the results of exploratory data analysis, we speculate that the use of high dose vasopressors during surgery as well a history of a possible right-to-left shunt may represent modifiable risk factors for perioperative ischemic stroke in patients with migraine with aura. The use of high dose vasopressors during surgery may be an indicator of suboptimal preload and possibly decreased cardiac output, which can further lead to an impairment of cerebral oxygenation despite normalization of mean arterial blood pressure.[@ref61] [@ref62] Meticulous optimization of fluid resuscitation volume during anesthesia and surgery should help to avoid excessive use of vasopressors and its associated increased vulnerability to perioperative stroke. Published data on the association between patent foramen ovale and cryptogenic ischemic stroke or transient ischemic attack are equivocal.[@ref63] [@ref64] [@ref65] In our study, the combination of a history of a possible right-to-left shunt and migraine with aura was associated with a substantial increase in risk for perioperative ischemic stroke, as well as a predictor for perioperative ischemic stroke in patients with migraine.

Our data also show that migraine is associated with an increased risk of 30 day hospital readmission. Readmissions strain healthcare systems with a large economic burden and serve as performance measurements of clinical care.[@ref66] Almost 16% of surgical Medicare fee-for-service patients are being readmitted within 30 days after discharge, and 90% of these readmissions are estimated to be unplanned.[@ref66] Costs of unplanned hospital readmissions in 2011 amounted to \$42.3bn (£33.7bn; €40.1bn) in total hospital costs, of which Medicare carried the largest share of payments (56%; \$23.7bn), and \$568m in total can be attributed to readmission due to acute cerebrovascular disease.[@ref67] With the Medicare Hospital Readmissions Reduction Program and the Centers for Medicare and Medicaid Services increasing expansion of alternative healthcare delivery systems such as bundle payments, the identification of potential causes of readmission becomes more relevant. Providers are challenged to coordinate care across treatment settings and expand initiatives for more efficient recovery by patients to balance medical and financial risk. Therefore, early detection of symptoms of stroke through close postoperative monitoring of patients at high risk should be crucial to optimize the value of perioperative care in patients with migraine.

Conclusions
-----------

In this large cohort of surgical patients, migraine was associated with an increased risk of perioperative ischemic stroke within 30 days of surgery. This risk was elevated in patients with migraine with aura, in those with a low estimated baseline risk of ischemic stroke, and in those undergoing ambulatory surgery. Migraine was also associated with a higher 30 day hospital readmission rate and higher risk of perioperative ischemic stroke after initial hospital discharge. We suggest that migraine should be included in the perioperative risk assessment.

### What is already known on this topic

1.  Migraine has been identified as a risk factor for ischemic stroke

2.  The risk of ischemic stroke is particularly increased in patients with migraine with aura

### What this study adds

1.  Patients with migraine, particularly migraine with aura, undergoing a surgical procedure are at increased risk of perioperative ischemic stroke and readmission to hospital within 30 days after discharge

2.  Migraine should be incorporated in the assessment for risk of perioperative stroke

3.  Possible preventable risk factors for perioperative stroke in patients with migraine have been identified and should be further analyzed in future studies
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